Many bacterial pathogens form cellular agglomerations known as biofilms, which considerably limit the success of both antibiotic treatment and the human immune defense. To gain insight into the pathophysiology of the leading nosocomial pathogen, Staphylococcus epidermidis, we analyzed the genome of biofilm-forming S. epidermidis, constructed a microarray representing its entire transcriptome, and performed expression profiling of an S. epidermidis biofilm. Gene-regulated processes in the biofilm led to a nonaggressive and protected form of bacterial growth with low metabolic activity, which is optimally suited to guarantee long-term survival during chronic infection. A class of peptides known as phenol-soluble modulins, which combine proinflammatory activity with a putative role in detachment of biofilms, evolved as potential key determinants controlling the switch between aggressive and quiescent modes of infection. Our data suggest that S. epidermidis adjusts its lifestyle to varying requirements during colonization and infection by means of an expansive change of gene expression. The observed physiological characteristics of the biofilm mode of growth-in particular, the contribution of surfactant-like peptides-might serve as a model for a variety of biofilm-forming pathogens.
which readily form on catheters, prostheses, and other indwelling medical devices. Formation of biofilms and the high frequency of antibiotic-resistant strains render medical device-related infections caused by S. epidermidis a serious problem-antibiotic treatment often fails, and removal and reinsertion of the infected catheter or prostheses is required [2, 3] .
A biofilm is usually described as a surface-attached agglomeration of cells embedded in a heterogeneous matrix and is characterized by a specific physiology and a 3-dimensional structure [4] . The development of a medical biofilm occurs in several steps. Initial attachment can be based on direct binding to the abiotic surface of an implant or on receptor-mediated binding to tissue components. Both mechanisms are believed to be of importance for the colonization of indwelling medical devices by S. epidermidis. Bacterial proliferation and production of extracellular matrix molecules lead to a more structured biofilm. According to a current model, a mature biofilm consists of cellular agglomerations separated by fluid-filled channels. The channels are believed to be crucial for delivering nutrients to the bacteria in biofilms [5] . Finally, detachment of cell clusters from an existing biofilm occurs, which contributes to the dissemination of the pathogen during infection. However, our understanding of the detachment process is very limited.
Formation of biofilms has been recognized as an important mechanism of virulence in several pathogenic bacteria [6] . In biofilms, bacteria are protected from attacks of the host immune defense and against antibiotics, protection that, at least in part, is due to the decreased penetration of antibiotics and cytokines through the extracellular biofilm matrix [6] . However, many antibiotics easily diffuse through a biofilm layer. In these cases, protection is believed to be mediated by the specific physiological status of the biofilm [7] . Furthermore, it has been stressed that, for many bacteria, a biofilm represents the "normal" way of life, in contrast to the artificial conditions usually applied in a microbiology laboratory [6] . Thus, profiling gene expression in biofilms would enable us to better understand bacterial physiology and would provide a better suited basis for the development of drugs against biofilm-associated infections.
In the present study, we analyzed the S. epidermidis genome sequence published by The Institute for Genomic Research (TIGR) for coding sequences, constructed a microarray representing all detected S. epidermidis genes, and examined gene expression in S. epidermidis biofilms. Our results show a significant metabolic shift between the planktonic and the biofilm modes of growth, provide a basis to explain resistance to antibiotics and evasion of the host immune defense, and indicate an important role of surfactant-like peptides during the development of S. epidermidis biofilms. A model is presented that demonstrates the implications of our findings for S. epidermidis biofilm-associated infection.
MATERIALS AND METHODS
Bacterial strains and culture conditions. S. epidermidis strain 1457 [8] was used in the present study. For experiments with agitation (planktonic growth), a starter culture was grown overnight in tryptic soy broth (TSB) (Difco) at 37ЊC with agitation. A 1:1000 dilution of the starter culture was used to inoculate 100 mL of TSB supplemented with 0.5% filtered glucose, and the culture was grown overnight at 37ЊC with agitation. Aliquots were removed at specific times corresponding to representative growth phases (data not shown).
Biofilm model and establishment. To investigate S. epidermidis biofilms, we selected a static biofilm model on polystyrene dishes [9] , which has previously been used, for example, by Yoon et al. to investigate Pseudomonas aeruginosa biofilms [10] . In 2 experiments, gene expression in a static 24-h biofilm was compared with that in planktonic cells grown with agitation in flasks (experiment 1) and with that in nonadherent cells in the same incubation vessel (experiment 2). Overnight cultures of S. epidermidis strain 1457 were diluted into 50 mL of TSB supplemented with 0.5% filtered glucose (final OD 600 , 0.1). Then, the culture was transferred (5 mL/well) into a 6-well polystyrene tissue-culture plate (Corning). Cultures were incubated for 24 h at 37ЊC without shaking. The culture supernatants were used to harvest the nonadherent cell fraction. Biofilm cells were twice washed gently with 5 mL of sterile distilled water. The biofilm cells were scraped from the plates, resuspended in RNAlater (Ambion), and stored at Ϫ80ЊC.
Peptide primary structure analysis. Computation of ahelical wheels for phenol-soluble modulin (PSM) peptides was performed by use of Helix Wheel software (available at: http://www.site.uottawa.ca/˜turcotte/resources/HelixWheel/).
Microarray design. Genomic sequence data for S. epidermidis strain RP62A were obtained from TIGR's Web site (available at: http://www.tigr.org). Open-reading frame (ORF) predictions were made by use of GLIMMER (version 1.0; TIGR), with a minimum ORF size of 60 nt. Several ORFs lacking ribosomal binding sites or located within other, larger putative genes were manually curated. In all, 2633 ORFs were annotated. Oligonucleotides (70 mers/ORF) were designed and synthesized by Qiagen Operon and printed in duplicate on UltraGAPS coated glass slides (Corning). Gene annotation was performed in accordance with the method of Zhang et al. [11] and was manually updated and completed.
RNA isolation. For planktonic cells, RNA isolation was performed by use of a FastPrep BLUE (Q-BioGene) kit and a standard protocol, with the following modifications. In a 2-mL FastPrep tube, 500 mL of CRSR-BLUE, 500 mL of acid phenol, and 100 mL of chloroform were added. The tubes were placed in a high-speed homogenizer (Bio101; Savant Instruments) and run with the following settings: speed, 6.5; time, 35 (twice); interval, 5 min (on ice). Immediately after shaking, the tubes were chilled on ice for 5 min and centrifuged. The top layer was removed, and the remaining liquid was transferred into a new tube and extracted by use of chloroform until the middle protein layer was no longer visible. The resulting RNA was precipitated by use of isopropanol and washed. Remaining DNA was removed by use of RNase-free DNase I (Amersham Biosciences). The reaction product was extracted by use of phenol until the middle layer was no longer present. RNA was precipitated as described above. For biofilm cells, RNA isolation was performed as above, with an additional shaking step, at the beginning, in a high-speed homogenizer, with the following settings: speed, 5.5; time, 30 (twice); interval, 5 min (on ice). For all experiments, the same amounts of RNA were used.
cDNA synthesis and labeling and microarray hybridization. Ten micrograms of total RNA was denatured in the presence of 600 ng of random hexamers and 2 mL of dNTPs (dATP, dCTP, dGTP, and aminoallyl-dUTP [10 mmol/L each]) (total, 27 mL) for 10 min at 70ЊC and was snap-cooled in ice water before the addition of 8 mL of 5ϫ first-strand buffer and 4 mL of 0.1 mol/L dithiothreitol. Then, the samples were incubated for 2 min at 50ЊC, and 1 mL of Superscript III (Invitrogen) was added. The reverse-transcription reaction was performed overnight at 50ЊC. After cDNA synthesis, residual RNA was removed from the samples by alkaline hydrolysis, and the remaining bacterial cDNA was repurified (QIAquick columns) and labeled by use of ARES Alexa Fluor dye at 488 nm or 594 nm (Molecular Probes). The labeled cDNA was purified by use of Centri-Spin 20 Columns (Princeton Separations). Before cDNA hybridization, the microarrays were prehybridized. Equal amounts of oppositely labeled cDNA were mixed together, an equal volume of SlideHybe#3 (Ambion) was added, and the samples were loaded onto the array. The array was incubated overnight at 55ЊC, after which slides were washed and dried.
Microarray data analysis. Slides were scanned at 594 nm and 488 nm by use of a ScanArray 5000 instrument (PE Biosystems) and were quantified by use of QuantArray (Perkin Elmer Life and Analytical Sciences) spot-finding software. Local background intensity was subtracted from the mean intensity of each spot boundary, followed by normalization by use of the median intensities. GeneSpring software (version 6.0; Silicon Genetics) was used to plot normalized intensity values. Data from 5 slides with 2 spots/gene/slide ( ) were avn p 10 eraged. The significance of group differences was calculated by use of the 2-tailed Student's t test (Excel; 2000 version; Microsoft).
was considered to be significant. P ! .01 Real-time polymerase chain reaction (PCR). Oligonucleotide primers and probes were designed by use of Primer Express software (version 2.0; Applied Biosystems) and were synthesized by Applied Biosystems. Fluorescence probes were used to continuously monitor formation of PCR products during PCR. Total RNA was isolated, and single-stranded cDNA was synthesized, by use of the methods described above. The resulting cDNA and negative control samples were amplified by use of TaqMan Universal PCR Master Mix (Applied Biosystems). Reactions were performed in a MicroAmp Optical 96-well reaction plate by use of a 7700 Sequence Detector (Applied Biosystems). Standard curves were determined for each gene, by use of purified chromosomal template DNA at concentrations of 0.001-10 ng/mL. Assays were performed in triplicate by use of cDNA samples and 16S rRNA as a control, with a standard cycle protocol.
Detection and quantitation of PSMs and PSM-like peptides in bacterial culture filtrates. High-pressure liquid chromatography-mass spectrometry (HPLC-MS) was used to detect and quantify PSMs in bacterial culture supernatants. One hundred-microliter samples from stationary-phase planktonic or biofilm cultures were injected onto an analytical reversed-phase column (Zorbax C8, mm; Agilent). A gradient from 2.1 ϫ 30 0.1% trifluoroacetic acid (TFA) in 50% acetonitrile/50% water to 0.1% TFA in 90% acetonitrile/10% water was applied by use of an Agilent 1100 system connected to a VL trap mass spectrometer. Purified PSMa, PSMb, PSMg, and PSMd were used for calibration [12] . In the present study, expression of novel PSM-like peptides was determined in relative amounts. Concentrations of peptides was determined by use of the extracted ion chromatogram of the 2 major peaks of the electrospray chromatogram of each peptide.
Isolation and characterization of PSM. For the isolation of PSM, 1 L of a culture of S. epidermidis strain 1457 grown for 20 h was precipitated with 10% ice-cold 100% trichloroacetic acid. The precipitate was dissolved in 100 mmol/L Tris (pH 8.0) and made neutral by use of 6N NaOH. PSM was purified by use of a 2-step reversed-phase chromatography protocol, by use of a self-packed Resource PHE material column as a first step and an Agilent Zorbax C3 column as second step. On both columns, gradients from 0.1% TFA in 10% acetonitrile/90% water to 0.1% TFA in 90% acetonitrile/10% water were applied. For Edman sequencing, an aliquot was N-deformylated by heating for 2 h at 55ЊC in 25% TFA [13] .
RESULTS

Down-regulation of transcription, translation, and aerobic production of energy in S. epidermidis biofilms.
To explore the physiology of S. epidermidis biofilms, we performed geneexpression profiling in S. epidermidis biofilms, using 2 different control populations. In experiment 1, gene expression in biofilms was compared with that in stationary-phase planktonic cells shaken in a flask. In experiment 2, gene expression in biofilms was compared with that of nonadherent cells in the same incubation vessel. Data were submitted to the National Center for Biotechnology Information's Web site (available at: http://www.ncbi.nlm.nih.gov/geo/). In both experimental approaches, ∼12% of genes (166 genes in experiment 1 and 193 genes in experiment 2) were found to be differentially expressed ( ; factor, 12.0), with about the same number of genes P ! .01 (∼6%) down-regulated and up-regulated. A total of 3.5% of differentially expressed genes (52 up-regulated and 44 downregulated) were common between both experiments, which is within the extremes reported in the literature about differential gene expression in biofilms of other bacteria [14] [15] [16] . Realtime PCR experiments with selected genes (known virulence factors and virulence regulators) confirmed the microarray results and demonstrated the suitability of the constructed microarray to measure gene expression in S. epidermidis biofilms (figure 1).
Among the genes that showed lower expression in biofilms were several genes involved in aerobic production of energy (table 1) . Furthermore, expression of several ribosomal proteins was lower, suggesting a decreased level of translation. Additionally, down-regulation of RNA polymerase suggested that the level of transcription is decreased in biofilms. It has been described previously that levels of 16S RNA are decreased during later stages of biofilm-associated S. epidermidis foreign body infection, which is in accordance with our findings [17] . Taken together, these results imply that S. epidermidis biofilms are characterized by a reduction of basic cell processes and metabolism. Many of the changes might be due to the low level of oxygen in biofilms that has been reported [18] . Accordingly, the S. epidermidis homolog of the S. aureus SrrAB 2-component regulatory system was down-regulated in biofilms. In S. aureus, SrrAB is believed to provide a mechanistic link between environmental signals, respiratory metabolism, and virulence [19] .
Up-regulation of resistance, stress, and osmoprotection factors in S. epidermidis biofilms. S. epidermidis biofilms revealed increased transcription of genes encoding several factors involved in resistance and defense mechanisms, such as the antibiotic resistance determinant Drp35 [20] , the zinc resistance protein CzrB [21] , and the CapC protein, which forms part of the poly-g-glutamate (PGA) biosynthesis complex (table 2) . PGA has been shown to provide protection from phagocytosis in Bacillus anthracis infection [22] and might play a similar role in S. epidermidis infection, although this remains to be tested. The emphasis on defense mechanisms suggests that gene expression in S. epidermidis biofilms is altered to react to the hostile environment in vivo, in which bacteria have to cope with attacks by the host immune defense. Furthermore, typical stress factors-such as the GroES, HtrA, and Hsp33 heat-shock proteins and the Rec DNA repair system-showed high-level expression (table 2) . Other changes in the biofilm included the switch from aerobic production of energy to fermentation, such as acetoin fermentation, and an enhanced arginine deiminase pathway (table 2) . In addition, genes involved in osmoprotection were highly expressed in biofilms (table 2) . This change in expression might indicate the necessity to respond to highsalt conditions in potential biofilm-like cell agglomerations on human skin. Taken together, all these changes observed in the biofilm reflect the typical adaptation to conditions of stress and starvation.
Classic biofilm and adhesion factors. In stationary-phase biofilms, most previously described biofilm factors-such as the exopolysaccharide PIA [23] , the autolysin AtlE [24] , and the dlt locus responsible for the D-alanylation of teichoic acids [25] -did not reveal a change in expression (data not shown). Furthermore, expression of the genes coding for SdrH and for the accumulation-associated protein (AAP) was lower (table 1) . SdrH represents a putative host tissue protein-binding protein of the serine/aspartate repeat protein family [26] , and AAP has been linked to the accumulation phase in the development of biofilms [27] . Lower-level expression of the gene coding for AAP has also been detected in an in vivo model of S. epidermidis infection [28] . These findings confirm the role of adhesion factors in the primary stage of formation of biofilms and may suggest that the importance of many classic staphylococcal biofilm factors is in construction of biofilms rather than in maintenance of biofilms.
Differential expression of quorum-sensing and global regulators in S. epidermidis biofilms. Global regulators, particularly cell density-dependent (quorum-sensing) regulatory systems, are believed to be essential determinants of controlled gene expression in bacterial biofilms [29] . S. epidermidis possesses 1 well-characterized quorum-sensing system, agr (for accessory gene regulator) [30] , which controls expression of several virulence determinants, including biofilm factors [30, 31] . In accordance with earlier observations by our group [31] , expression of genes in the agr operon and of RNAIII, the regulatory molecule of the agr system, was significantly lower in biofilms (table 1) . Furthermore, the gene coding for the DNAbinding global regulatory protein SarA was down-regulated in S. epidermidis biofilms. The presence of SarA in S. epidermidis has been described elsewhere [32] , but its function and regulatory targets are unknown. Consistent with reports for S. aureus [33, 34] , our findings suggest that SarA in S. epidermidis influences formation of biofilms. Additionally, expression of the anti-j factor gene rsbW of the alternative jB factor system was significantly increased in the biofilm (table 2) . In general, differential expression suggests that global regulators influence the physiology of S. epidermidis biofilms. Down-regulation of PSMs in S. epidermidis biofilms. The amphipathic PSM peptides of S. epidermidis form a complex that reveals a variety of proinflammatory properties and has been reported to consist of at least 3 peptide components (PSMa, PSMb, and PSMg [d-toxin]) [35] . A fourth PSM, PSMd, has been found recently [12] . Interestingly, the genes whose expression decreased by the greatest extent were genes coding for PSM or similar peptides (table 1) . These results suggest that the absence of PSMs has an important function in S. epidermidis biofilms.
Concentrations of PSMs in biofilm cultures. We determined the concentration of PSM peptides in culture filtrates of biofilm and planktonic cultures by use of HPLC-MS ( figure  2B ). PSMs show a high retention on reversed-phase columns, which is typical of amphipathic, a-helical peptides [36] and which distinguishes them from other peptides. We could detect all classic PSM peptides (a, b, g, and d) and PSMb2, whose gene is located next to that of PSMb1 (see below). Another gene of this operon, coding for a putative PSMb3, was not expressed. One additional peptide was found and was named PSM. Computation of a-helical wheels for all classic PSMs and novel PSM-like peptides predicted that the consensus region forms an amphipathic a-helix, as do the N-terminal parts of the PSMb-like peptides ( figure 2A and data not shown) . On the basis of the sequence similarity and the putative common physicochemical properties, we also named the new peptides PSM peptides. Importantly, the secretion of all PSM peptides was much lower in biofilms than in planktonic growth, confirming the results obtained by microarray analysis of mRNA levels. Of note, the lower levels of PSMa and PSM in biofilm cultures than in planktonic growth were not based on differential transcription levels and might be caused by yet-unknown posttranscriptional control.
Location of PSM genes. We determined the location of the PSM genes on the S. epidermidis chromosome ( figure 2C ). PSMb and the 2 peptides that showed similarity to PSMb (PSMb2 and PSMb3) are encoded in an operon-like arrangement. In addition, the PSMb operon contains an identical copy of PSMb (PSMb1). PSMd is encoded in the vicinity of the PSMa gene. No gene encoding a peptide with a calculated molecular weight corresponding to PSM was found near any previously detected PSM gene. Therefore, a reverse-genetics approach was used to identify the amino acid sequence of PSM. PSM was isolated, its N-terminal formyl group was removed, and the sequence was determined by use of Edman degradation. The gene coding for PSM is not located in the vicinity of another PSM gene. In the colonization and disseminative stages, the bacteria appear in planktonic form, whereas the biofilm stage is characterized by cellular agglomerations with a distinct shape and physiology. Data from the present study show that the shift between the planktonic and the biofilm stages of growth in vitro involves multiple changes related to metabolism and the production of virulence factors. Phenol-soluble modulins (PSMs), a class of surfactant peptides with proinflammatory and putative biofilm-inhibitory properties, presumably represent key factors controlling the switch between the different modes of growth. Expression of PSMs leads to detachment of biofilms, dissemination of pathogen, and the attraction of immune cells, whereas suppression of production of PSMs in the biofilm stage enables cells to stick together and to evade the host immune defense. Specific protective factors that are up-regulated in the biofilm, such as the protective exopolymer poly-g-glutamate, might further contribute to evasion of the host immune defense. The biofilm stage is also characterized by a shift from aerobic production of energy to fermentation. Furthermore, quorum-sensing control results in the decreased production of tissue-damaging virulence factors in the biofilm. Taken together, according to our results, differential gene expression in S. epidermidis biofilms leads to a nonaggressive and protected form of growth with low metabolic activity, which is optimally suited to allow persistence of S. epidermidis during chronic infection.
DISCUSSION
It is now widely accepted that many microorganisms live in sessile communities known as biofilms [6] . The advantages of life in a biofilm include better adaptation to environmental factors and increased resistance to hostile conditions [6] . To investigate the physiological basis of the success of S. epidermidis as a biofilm-forming skin commensal and opportunistic pathogen, we analyzed gene expression in S. epidermidis biofilms. Our findings provide key insight into the development of biofilms in S. epidermidis and the pathophysiology of S. epidermidis infection.
S. epidermidis is one of the very few bacteria that can cope with the extremes of salt concentration, pH, and other factors that contribute to the harsh environment on human skin. Formation of biofilms is believed to contribute significantly to this exceptional ability [3] . Accordingly, we found that osmoprotective factors were highly expressed in S. epidermidis biofilms. S. epidermidis colonies on the skin are also exposed to attacks by the host immune defense, particularly by secreted antibacterial peptides, such as b-defensins and others [37] . Furthermore, after penetration of the epidermal barrier during infection, S. epidermidis is confronted with manifold immune defense mechanisms. Here, we have described that S. epidermidis biofilms reveal a global change in gene expression including low metabolism, decreased transcription and translation, and a shift from aerobic production of energy to fermentation. Most likely, these changes are a result of the low concentration of oxygen in biofilms and the restricted availability of nutrients. Importantly, they cause a quiescent mode of growth that is supposed to be less sensitive to antibiotic treatment and attacks by the host immune defense-the efficacy of many antibiotics and cytokines is based on active cell metabolism and cell-construction processes. Furthermore, we observed decreased production of the proinflammatory PSMs and increased production of specific protective factors. Finally, there was low activity of the quorum-sensing system agr, which controls expression of several aggressive virulence factors, including the PSMs [38] . Physiological changes in S. epidermidis biofilms thus protect the bacteria by 2 mechanisms. First, they lower the sensitivity toward harmful molecules, such as antibiotics, antibacterial peptides, and cytokines. Second, they cause a shift to a nonaggressive state, reducing inflammation and the attraction of immune cells to the site of infection. Thus, evasion of the host immune defense by S. epidermidis biofilms appears to be based on multiple physiological changes, which underlines the importance of immune-evasion mechanisms during epidermal colonization and biofilm-associated infection by S. epidermidis.
Formation of biofilms has been described as a multistep developmental process [39] . However, we lack information about the factors that are involved in maintenance of biofilms and later stages of development of biofilms. In particular, the mechanisms promoting detachment of biofilms are mostly unknown. Detachment of biofilms plays an important role, as it is believed to lead to the dissemination of infection and the colonization of new infection sites. Earlier studies by members of our group have suggested that d-toxin (PSMg) might be involved in detachment of biofilms [31] . The discovery that PSMg forms part of a complex of similar peptides [35] prompted us to determine expression of the entire PSM class of peptides in the development of biofilms. Here, we have identified genes for several new PSM peptides and have shown that expression of several PSM genes was dramatically lower in biofilms. We have shown previously that PSMg inhibits secondary stages of formation of biofilms rather than initial attachment [31] . Because PSMs are structurally similar, we assume that this mechanism accounts for all PSM peptides. Thus, all PSM peptides may inhibit formation of biofilms by inhibiting cell-cell interaction rather than the interaction of cells with a surface. A previous report suggested that the detergentlike peptide surfactin affects formation of fruiting bodies, a mechanism similar to formation of biofilms, in Bacillus subtilis [40] . Furthermore, rhamnolipids influence the development of P. aeruginosa biofilms [41] . Thus, increasing evidence points toward a major role of surfactants in the development of biofilms of various bacteria.
In conclusion, our findings show that the pattern of gene expression in S. epidermidis biofilms characterizes a distinct physiological status that presumably results in increased protection from antibiotics and the host immune defense and enables the bacteria to persist during infection (figure 3). Additionally, expression of PSMs likely constitutes a key factor contributing to the switch between an aggressive and a silent form of S. epidermidis physiology during infection.
